The visual photopigment rhodopsin (Rh) is a prototypical G protein-coupled receptor (GPCR) responsible for initiation of the phototransduction cascade in rod photoreceptors. Similar to other GPCRs, Rh can form dimers or even higher oligomers and tends to have a supramolecular organization that is likely important in the dim light response. Rh also exhibits high affinity for lipid rafts (i.e. raftophilicity) upon light-dependent binding with the cognate G protein transducin (G t ), suggesting the presence of lipid raft-like domains in the retinal disk membrane and their importance in phototransduction. However, the relationship between Rh oligomerization and lipid rafts in the disk membrane remains to be explored. Given previous findings that G t binds to dimeric Rh and that Rh is posttranslationally modified with two highly raftophilic palmitoyl moieties, we hypothesized that Rh becomes raftophilic upon dimerization. Here, using biochemical assays, we found that Rh*-G t complexes in the detergent-resistant membrane are partially resistant to cholesterol depletion by methyl-␤-cyclodextrin and that the Rh-to-G t stoichiometry in this methyl-␤-cyclodextrinresistant complex is 2:1. Next, we found that IgG-mediated Rh-Rh cross-linking renders Rh highly raftophilic, supporting the premise that Rh becomes raftophilic upon dimerization. Rh depalmitoylation via reduction of thioester linkages blocked the translocation of IgG-cross-linked Rh to the detergent-resistant membrane, highlighting that the two palmitoyl moieties are important for the dimerization-dependent raftophilicity of Rh. These results indicate that palmitoylated GPCRs such as Rh can acquire raftophilicity upon G protein-stabilized dimerization and thereby organize receptor-cluster rafts by recruiting raftophilic lipids.
The visual photopigment rhodopsin (Rh) 2 is a prototypical member of the class A family of G protein-coupled receptors (GPCRs), the largest and most diverse group of membrane receptor proteins in eukaryotes. Rh is responsible for initiating the phototransduction cascade in photoreceptor cells. The phototransduction cascade involves collision coupling of receptors and the trimeric G protein transducin (G t ), which is freely diffusing in the retinal disk membrane stacked in rod photoreceptor outer segments (ROS) (1) . Photoexcited Rh (Rh*) binds to and activates G t , and the activated G␣ t subunit is released to activate downstream signaling.
Accumulating evidence suggests that Rh has a propensity to form dimers, or even higher oligomers, in the disk membrane (2) (3) (4) (5) (6) , similar to other GPCRs (7) . For example, studies based on atomic force microscopy revealed that Rh can form paracrystalline arrays of Rh dimers (3, 8) or nano-sized domains centrally confined in the disk membrane (9) . A cryoelectron tomographic study found static track-like arrays of Rh dimers in the murine disk membrane (6) . Simulation studies of the kinetics of G t activation have corroborated the hypothesis that supramolecular organization of Rh works as a signaling scaffold for G t activation and enables rod photoreceptor cells to detect single photons (6, 10) . Furthermore, molecular dynamics simulations showed that Rh has various dimerization interfaces through which Rh forms dimers and highly ordered arrays of Rh dimers (5) . The dimerization interfaces were consistent with those observed in previous crystallographic studies (11) and a biochemical cross-linking study (12) .
In addition to the heterogeneity resulting from Rh self-assembly, the disk membrane is likely a heterogeneous structure because of the presence of lipid raft-like microdomains. Although monomeric Rh is the favorable form in non-lipid raft microenvironments (i.e. raftophobic) (13, 14) , we previously found that G t translocates into the detergent-resistant membrane (DRM) when it forms a tight complex with Rh*, suggesting the high lipid raft affinity (raftophilicity) of the Rh*-G t complex (15) . Based on pioneering studies suggesting that the binding partner of G t in the Rh*-G t complex is the Rh dimer (4, 16) , we speculate that Rh acquires high raftophilicity upon dimerization. In this regard, it is intriguing that Rh has two tandem cysteine residues (Cys-322 and Cys-323) that are posttranslationally modified with two palmitoyl moieties (17) . Palmitoylation on multiple residues is known to be a strong lipid raft-targeting mechanism for transmembrane proteins (18) . Although many studies have reported that the lipid microenvironment is important for the oligomerization and functioning of GPCRs (19) , little is known about the oligomerization-dependent generation of raftophilic microdomains, with the exception of a study on the purinergic receptor (20) .
Against this backdrop, we hypothesized that dimerization confers high raftophilicity to Rh. To test this, we examined whether the stoichiometric ratio between Rh and G t in the Rh*-G t complex within the DRM is 2:1. We also examined the raftophilicity of IgG-cross-linked Rh by assessing its translocation into the DRM. We found that the stabilized dimer of Rh, whether the binding partner is G t or IgG, exerts high raftophilicity. We also provide evidence for the importance of palmitoyl modifications in the oligomerization-dependent raftophilicity of this receptor.
Results

MCD-resistant raftophilicity and stoichiometry of Rh*-G t complexes
To assess the stoichiometric ratio between Rh and G t in Rh*-G t complexes, we obtained Rh*-G t complexes that are found in the DRM fraction of light-exposed frog disk membranes. In the absence of GTP, G t translocates from the detergent-soluble membrane fraction (DSM) to the DRM fraction in a light-depen-dent manner (Fig. 1A) . The translocation can be reversed by addition of GTP␥S, an unhydrolyzable analog of GTP (15) ( Fig. 1A ), suggesting that the translocation likely occurs because of the high raftophilicity of the Rh*-G t complex.
The recruitment of Rh* and G t to the DRM of light-exposed ROS (L-DRM) is highly resistant to cholesterol depletion of disks by methyl-␤-cyclodextrin (MCD) prior to cold detergent treatment ( Fig. 1B) . Rh residing in the DRM of dark-adapted ROS (D-DRM) was easily removed by MCD, whereas Rh* and G t in L-DRM were resistant to MCD ( Fig. 1B , compare top and bottom).
We next measured the amounts of Rh and G t (G␣ t and G␤ t ) in the DRM by densitometric scanning of Coomassie Brilliant Blue-stained protein bands using highly purified proteins as standards. MCD dose dependence curves showed that Rh* and G t in the L-DRM are considerably resistant to MCD (ED 50 , about 45 mM), whereas Rh in the D-DRM is susceptible to MCD (ED 50 , about 20 mM) ( Fig. 1C ). Prior to MCD treatment of ROS, the ratio between Rh* and G t in the L-DRM was ϳ3:1 or more ( Fig. 1D ). This ratio converged to 2:1 as the concentration of MCD increased (Fig. 1D ). This result suggests that the stoichiometry of the MCD-resistant Rh*-G t complex is 2:1 and that Center, DRM of light-exposed ROS. Right, DRM of light-exposed and GTP␥S-treated ROS. Bands of G␥ t are omitted. B, effect of MCD concentration on protein profiles in the DRM of light-exposed ROS (top) and dark-adapted ROS (bottom). GTP was absent. C, MCD concentration dependence of the amount of Rh, G␣ t , and G␤ t relative to that in the absence of MCD. Data were obtained by densitometric scanning of CBB-stained gels as shown in B and expressed as the mean Ϯ S.D. of three experiments. D, effect of MCD concentration on the Rh/G␣ t ratio in the DRM of light-exposed ROS without GTP. Data are expressed as the mean Ϯ S.D. of three experiments. Inset, linear standard curves of purified Rh and G␣ t obtained by densitometric scanning of CBB-stained gels. AU, arbitrary unit.
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extra Rh is recruited by Rh*-G t in the L-DRM of ROS not treated with MCD.
Dimerization renders Rh raftophilic
To confirm that dimerization renders Rh raftophilic, we examined the effect of IgG cross-linking on the distribution of Rh in the DRM (Fig. 2 ). When Rh in the ROS membrane was incubated with a monovalent probe, i.e. the Fab' fragment of the monoclonal antibody 1D4 raised against the carboxyl terminus of Rh (21), the major population of Rh-Fab' complexes was distributed in the DSM. In contrast, when Rh was cross-linked with IgG of the same antibody, cross-linked-Rh was preferentially recruited to the DRM (Fig. 2 ). Recruitment of IgG-crosslinked Rh to the DRM was considerably resistant to cholesterol depletion by MCD, although recruitment was almost completely suppressed at 50 mM MCD ( Fig. 2 ).
Palmitoylation is essential for the dimerization-dependent raftophilicity of Rh
We next confirmed the importance of palmitoyl moieties in the dimerization-dependent raftophilicity of Rh. Rh molecules in ROS membranes were depalmitoylated by reduction with 20 mM DTT, and completion of the reaction was monitored by MALDI-TOF MS. The masses of tryptic peptides were obtainable from the carboxyl-terminal portion of bullfrog Rh and were predicted by ExPasy, the bioinformatics resource portal of the Swiss Institute of Bioinformatics (Fig. 3A) . When ROS membranes were not treated with DTT, doubly palmitoylated tryptic peptides were observed (Fig. 3B, top panel) . After DTT treatment, palmitoylated peptides were undetectable (Fig. 3B , bottom panel). We further examined the effect of depalmitoylation by 20 mM DTT or 1 M neutral hydroxylamine (HA) on the translocation of IgG-cross-linked Rh to the DRM and found that depalmitoylated Rh preferentially resides in the DSM even when cross-linked with IgG, whereas cross-linked native Rh exclusively resides in the DRM (Fig. 4 ).
Discussion
In this study, we found that doubly palmitoylated Rh gains strong raftophilicity upon dimerization. This finding revealed that the two types of membrane heterogeneity in the retinal disk membrane, i.e. heterogeneity based on self-assembly of Rh and self-organization of lipid raft-like membrane domains, are interdependent and inseparable from each other. We also found that palmitoylation is indispensable for the dimerizationinduced raftophilicity of GPCRs. Although numerous studies have implied the importance of the lipid microenvironment for GPCR oligomerization (19) , very little is known about the dimerization-dependent raftophilicity of GPCRs and its relationship with palmitoylation, with the exception of a study on the purinergic receptor (20) . Our results contribute to a deeper understanding of the signal transduction mechanisms of many palmitoylated GPCRs, which rely on oligomerization and localization to lipid rafts to function (7, 19) .
We and others have reported previously that Rh*-G t complexes that form in a light-dependent manner in the absence of GTP preferentially distribute in the L-DRM of ROS membranes, suggesting their high raftophilicity (15, 22, 23) . Here we discovered that the raftophilicity of the complex is resistant to cholesterol depletion by MCD. Upon increasing the concentration of MCD used to pretreat bleached ROS membranes, the Rh*/G␣ t ratio in the L-DRM asymptotically decreased to about 2 (Fig. 1D ). This suggests that the complex is considerably resistant to MCD and that the binding partner of G t in the complex is the Rh dimer. This stoichiometric ratio was in agreement with previous studies of the Rh*-G␣ t complex, purified using a mild detergent and affinity chromatography (24 -26) . Taken together with previous reports, our findings suggest that the membrane-spanning region of the raftophilic Rh*-G␣ t complex is the G t -stabilized Rh* dimer and that dimeric Rh is raftophilic in the disk membrane. This hypothesis was corroborated by demonstrating the raftophilicity of IgG-cross-linked Rh and its resistance to cholesterol depletion by MCD (Fig. 2) . Although the premise that IgG promotes Rh dimerization has not been strictly proven, the distinctive difference between Rh bound by monovalent Fab' and divalent IgG in both raftophilicity and MCD tolerance suggests the ability of IgG-1D4 to promote Rh dimerization. The tolerance of the raftophilicity of the Rh dimer (stabilized either by G t or IgG) to cholesterol depletion indicates that the interaction between the two Rh molecules is purely a protein-protein interaction rather than involving lipidic elements or, alternatively, reflects the intercalation of cholesterols between the two Rh molecules, which could hinder the activity of MCD on cholesterol. Furthermore, G t bound to the cytoplasmic surface of the Rh dimer as well as the recruitment of raftophilic lipids other than cholesterol, e.g. disaturated phospholipids rich in retinal disks (27) , to the vicinity of the dimerization interface can also shield cholesterol from MCD.
We found that depalmitoylated Rh is not raftophilic even after dimerization (Fig. 4) , indicating that palmitoyl moieties are crucial for the dimerization-dependent raftophilicity of Rh. This result is consistent with previous findings that palmitoylation of GPCRs plays a role in the compartmentalization of many GPCRs (e.g. the serotonin 5HT 1A receptor (28) and -opioid receptor (29)) and their oligomers into raftophilic membrane nanodomains in a cholesterol-dependent manner (19) . Based on our findings and accumulating evidence, we con- 
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clude that dimerization bestows high raftophilicity to Rh and that palmitoyl modifications to Rh are crucial for dimerizationdependent raftophilicity.
The requirement of palmitoyl modifications for raft affinity of dimeric Rh hints at why Rh becomes raftophilic upon dimerization. When considering Rh dimerization, it should be 
noted that the Rh monomer is anisotropic in the raftophilicity of its membrane-spanning surface. Although monomeric Rh is non-raftophilic (raftophobic) in nature (13, 14) , the Rh molecule is modified with two palmitoyl moieties (30) , which are known to be a raft-targeting mechanism for transmembrane proteins (18) . These modifications at the tip of juxtamembrane helix 8 (H8) insert into the membrane and would provide a raftophilic singular area to the membrane-spanning surface of H8 facing the cytoplasmic leaflet of the disk lipid bilayer. If we assume that Rh forms a dimer through the dimerization interface constituted by helix 1 and H8 (H1-H8-H1-H8 interface), as proposed by studies based on electron microscopy (31, 32) , crystallography (11, 33, 34) , chemical cross-linking (12) , and coarse-grained molecular dynamics simulation (5) , then the palmitoyl modifications would be exposed at both edges of the dimerization interface ( Fig. 5 ). On the other hand, the dimerization interface of a Rh molecule is covered by the other Rh molecule. Thus, upon dimerization, the ratio between the area covered by the raftophilic palmitoyl modifications and the raftophobic surface excluded by the dimerization interface of each Rh would increase. The discontinuous increase in this ratio may render Rh raftophilic when it forms a dimer.
Determining the functional role of dimerization-dependent raftophilicity of Rh in the phototransduction system is beyond the scope of this study. However, our findings provide hints regarding why Rh tends to form paracrystalline arrays of Rh dimers, as observed by electron microscopy and atomic force microscopy (2, 3, 8, 35) . Although Rh dimerization is based on protein-protein interactions, it can be presumed that recruitment of raftophilic lipids to the vicinity of the Rh dimer stabi-lizes the raftophilic Rh dimer and, thereby, stabilizes its higher oligomer. In this context, it is intriguing that the phototransduction machinery in the rod outer segment has a strong efficacy gradient along the longitudinal axis, i.e. the base of ROS can respond to light more efficiently than the tip (36) . Given that basal disks have a higher cholesterol content than tip disks (37), the higher efficacy of the phototransduction system at the base can be explained by the stabilization of higher-order oligomers of Rh by cholesterol in basal disks. Although this hypothesis is arguable (36) , it remains to be tested. In addition, the dimerization-dependent raftophilicity of Rh may contribute to enhancing the efficacy of rod photoreceptors by recruiting the Rh kinase inhibitor recoverin (S-modulin in frogs (38) ). It has been reported that the dim flash response is suppressed in photoreceptors expressing palmitate-deficient rhodopsin (39) . This effect of depalmitoylation has been attributed to the disinhibition of Rh phosphorylation (39) . Consistent with this hypothesis, recoverin is known to work efficiently in raftophilic (49) . A, the two monomers in the asymmetric unit contacting through the H1-H8 interface are viewed from the cytoplasmic surface of the disk membrane. The dimer is placed so that the palmitoyl modifications are aligned vertically. B, the side view of a dimer. These models were created with Deep View Swiss-Pdb Viewer (http://spdbv.vital-it.ch/) (50) . (Please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site.)
Dimerization-dependent raftophilicity of rhodopsin environments (40) . Thus, the dimerization-dependent raftophilicity of palmitoylated Rh is advantageous for efficient suppression of Rh* phosphorylation. Indeed, palmitoylation and levels of phosphorylation appear to be correlated in GPCRs in general (41) . These results collectively suggest that dimerization-dependent raftophilicity plays an important role in the regulation of palmitoylated GPCRs.
Experimental procedures
Materials
This study was approved by the Institutional Animal Care and Use Committee and carried out according to Kobe University animal experimentation regulations. All experiments described were carried out using frogs (Rana catesbeiana). The mouse monoclonal anti-Rh antibody (1D4) was purchased from the University of British Colombia via Flintbox. Other antibodies were purchased from GE Healthcare. G␣ t , G␤␥ t , and urea-washed ROS membranes were prepared from frog retina (42) . Highly purified Rh was obtained as described previously (43) .
Preparation of ROS
ROS were prepared from dark-adapted frogs (R. catesbeiana) by the sucrose flotation method (44) . Membranes were suspended in isotonic buffer A (100 mM Tris-HCl, 5 mM MgCl 2 , 5 mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl fluoride (pH 7.5)). Rh concentration was calculated from absorbance at 504 nm based on the molecular extinction coefficient of Rh (⑀ ϭ 4.06 ϫ 10 4 ) (45). Aliquots of ROS suspension (200 nmol Rh) were stored at Ϫ80°C in lightproof plastic tubes.
DRM preparation
An aliquot of ROS membrane suspension in buffer A containing 0.3 mg of Rh (about 10 nmol) was centrifuged at 10,000 ϫ g for 5 min at 4°C. The pellet was solubilized with 56 l of buffer A containing 1% Triton X-100. After addition of sucrose (final concentration, 0.9 M), the sample was overlaid with 60 l each of 0.8 and 0.5 M sucrose and centrifuged at 436,000 ϫ g for 30 min at 0°C. Fractions (30 l) were collected from the top of the tube downward and stored at 0°C. DRM was obtained from fractions 1-3. Quantitative determination of Rh and G␣ t in the samples was performed by densitometric scanning of a Coomassie Brilliant Blue-stained SDS-PAGE gel using ImageJ software and purified Rh and G␣ t as standards. To obtain good separation between G␣ t and G␤ t from Rh, we used 12.5% Perfect NT Gel M purchased from D.R.C. Co. Ltd. (Tokyo, Japan). The concentrations of Rh and G␣ t in the standard samples were determined using spectrophotometric data (absorbance at 500 and 280 nm, respectively) and molar extinction coefficients of Rh and G␣ t (46) (⑀ ϭ 3.04 ϫ 10 4 ).
IgG cross-linking of Rh
Dark-adapted ROS membranes (0.3 mg suspended in 50 l buffer A) were incubated with 10 g of IgG-1D4 for 1 h at 0°C in the dark. The molar ratio between Rh and IgG was roughly 130:1.
Depalmitoylation of Rh
Depalmitoylation was performed with DTT (47) or neutral HA (48) . Briefly, in the case of DTT, ROS membranes were incubated with buffer B (10 mM HEPES, 98 mM potassium gluconate, 2.5 mM KCl, and 2 mM MgCl 2 (pH 8.6)) containing 20 mM DTT for 10 h at room temperature in the dark. In the case of HA, ROS membranes were incubated with buffer C (10 mM Tris, 2 mM MgCl 2 , 20 mM NaCl, and proteinase inhibitor mixture (pH 7.9)) containing 1 M hydroxylamine (pH was adjusted to 7.9) for 0.5 h at 37°C in the dark. After the treatments, membranes were washed three times with buffer B by centrifugation at 100,000 ϫ g for 5 min at 4°C.
Mass spectrometric determination of Rh depalmitoylation
ROS membranes containing 70 g of Rh with or without DTT treatment were washed by suspension in 1 ml of buffer D (10 mM Tris-HCl, 5 mM tris(2-carboxyethyl)phosphine, 1 mM EGTA, and 0.1 mM phenylmethylsulfonyl fluoride (pH 7.5)) and centrifugation at 436,000 ϫ g for 5 min. Proteins in the pellets were reduced by suspending and incubating for 1 h with buffer E (50 mM Tris-HCl, 20 mM iodoacetamide, and 1 mM EGTA (pH 7.5)) at room temperature. The samples were then centrifuged at 436,000 ϫ g for 5 min. Pellets were solubilized with 23 l of 1% octylglucoside containing 25 mM ammonium hydrogen carbonate. The samples were digested by adding 1.4 g of l-1-tosylamido-2-phenylethyl chloromethyl ketone trypsin and incubating overnight at 37°C. After digestion, the samples were diluted 10-fold by distilled water, and 2-l aliquots of the samples were mixed with 2 l of matrix solution (50% methanol, 2% 2,5-dihydroxybenzoic acid, and 0.1% trifluoroacetic acid). 1 l of each mixture was deposited on an MS target plate. MS analyses were performed using a quadrupole TOF-type mass spectrometer (QSTAR Elite, AB Sciex). 
